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Myelodysplastic syndrome (MDS) includes a group of diseases characterized by dysplasia of bone marrow myeloid lineages with ineffective hematopoiesis and frequent evolution to acute myeloid leukemia (AML). Whole-genome sequencing was performed in CD34
+ hematopoietic stem/progenitor cells (HSPCs) from eight cases of refractory anemia with excess blasts (RAEB), the high-risk subtype of MDS. The nucleotide substitution patterns were found similar to those reported in AML, and mutations of 96 proteincoding genes were identified. Clonal architecture analysis revealed the presence of subclones in six of eight cases, whereas mutation detection of CD34 + versus CD34 − cells revealed heterogeneity of HSPC expansion status. With 39 marker genes belonging to eight functional categories, mutations were analyzed in 196 MDS cases including mostly RAEB (n = 89) and refractory cytopenia with multilineage dysplasia (RCMD) (n = 95). At least one gene mutation was detected in 91.0% of RAEB, contrary to that in RCMD (55.8%), suggesting a higher mutational burden in the former group. Gene abnormality patterns differed between MDS and AML, with mutations of activated signaling molecules and NPM1 being rare, whereas those of spliceosome more common, in MDS. Finally, gene mutation profiles also bore prognostic value in terms of overall survival and progression free survival.
prognostic stratification | clonal evolution | gene mutation pattern M yelodysplastic syndrome (MDS) represents heterogeneous clonal hematopoietic stem cell disorders, which are often seen in elderly patients and characterized by abnormal cell proliferation and differentiation, peripheral blood cytopenia, and risk of progression to acute myeloid leukemia (AML) (1) . Evidence has been provided by molecular cytogenetics, gene expression profiles, and xenograft animal studies to suggest that hematopoietic stem/progenitor cells (HSPCs) involved in MDS pathogenesis, like in most AML settings, are enriched in CD34 + cell population. Among different subtypes of MDS according to World Health Organization (WHO) nomenclature, refractory anemia with excess blasts (RAEB) is of poor prognosis because a significant percentage of the patients progress to AML; patients with refractory cytopenia with multilineage dysplasia (RCMD) show a longer lifespan with heterogeneous risks, whereas other subtypes are usually considered as intermediate or low risk groups (2, 3) . Furthermore, the Revised International Prognostic Scoring System (IPSS-R) incorporates the common karyotype, the depth of cytopenias, and the percentage of blasts in bone marrow (BM) for improved prognostic prediction (4, 5) .
Recently, massive parallel sequencing has successively provided an unbiased comprehensive screen to identify genetic alterations in human hematological diseases including AML and MDS (6) (7) (8) (9) (10) (11) (12) . So far, studies using the whole-exome sequencing (WES) approach on MDS were reported, and mutations of several functional gene categories including those of RNAsplicing machinery were revealed. On the other hand, these mutations were already used as biomarkers to predict the risk of disease progression and/or poor overall survival (OS) among large cohorts of MDS patients (13) (14) (15) . However, no investigation has yet been reported at the level of whole genome of HSPCs in MDS, which should be important to identify genomic "scars" related to the pathogenesis, as well as the clonality of those key cells. Moreover, the correlation of different MDS phenotypes, particularly RAEB and RCMD because of their distinct risk degrees, and gene mutation patterns need to be addressed in a more systematic way.
In this work, we have characterized genomic variations in MDS by using whole-genome sequencing (WGS) in CD34 + cells among eight RAEB cases. This approach has allowed us to analyze the features of genomic damage, clonal architecture, and survival/growth potential of HSPCs in this disease. We also used a panel of molecular markers for mutation detection in 188 MDS
Significance
Myelodysplastic syndrome (MDS) represents a common hematopoietic disease, often in elderly patients, with heterogeneous clinical phenotypes and complex disease mechanisms. Here, we report on characteristic genome lesions, clonal architecture, and distinct tumor clone expansion patterns in a group of patients with refractory anemia with excess blasts, the MDS subtype with the highest propensity to acute myeloid leukemia. An integrative gene mutation analysis in 196 patients with different MDS subtypes allowed a regulatory network of mutually cooperative or exclusive molecules to be discovered among eight functional categories, whereas the combination of a panel of marker genes of prognostic value with the revisedInternational Prognostic Scoring System may provide a better stratification system for MDS. Fig. S1 A and B) . We also analyzed the genomic rearrangements (GRs) and discovered in each individual genome, on average, 2.9 DEL of large fragment (≥1,000 bp), 1.4 DEL of small fragment (50-1,000 bp), 5.4 intrachromosome translocations (ITXs), and 12.8 interchromosome translocations (CTXs) (SI Appendix, Table S5 ).
Patterns of Genomic Lesions. In terms of nucleotide substitution, the average proportion of transitions and transversions was 62.3% vs. 37.7%, showing a predominance of transitions (SI Appendix, Fig. S1C ), which was in agreement with previously reported data in MDS and AML, because the proportion of transitions and transversions were 65.0% vs. 35.0% and 67.7% vs. 32.3%, respectively, in the two disease entities (SI Appendix, Fig. S2A ). The most prevalent changes were G→A/C→T transitions, followed by A→G/T→C transitions and G→T/C→A transversions ( Fig. 1A) , which mirrored the pattern seen in AML (SI Appendix, Fig. S2B ) (16) . This situation was different from that in non-small cell lung cancer (NSCLC), where G→T/C→A transversions prevailed (17) (18) (19) , followed by G→A/C→T and then A→G/T→C, or from UV light-associated skin cancers, where C→T and CC→TT transitions prevailed (20, 21) . Triplet base patterns harboring SNVs have also been considered as a genome signature in cancer. Indeed, when the adjacent 5′ and 3′ bases were taken into account, we found ApCpG→ApTpG was the dominant triplet change in RAEB (Fig. 1C ). (The underlined base was the substitution site.) These triplet profiles were similar to the previously reported patterns of the M0 through M5 subtypes of AML ( Fig. 1C) (16) but different from those of solid tumors [e.g., the XpCpG→XpTpG (here X could be either G, A, C, or T) transitions prevailing in breast cancer (22) or the XpCpG→XpTpG/XpCpG→XpApG combination pattern commonly detected in NSCLC (23)]. In addition, copy number variations (CNVs) were analyzed with regard to their chromosomal positions (see details in SI Appendix, Fig. S3 ).
Mutations in Coding Genes. Through WGS and Sanger sequencing validation, we identified a total of 105 somatic mutations in 96 protein-coding genes in CD34 + cells of eight RAEB cases, including 76 missense, 10 nonsense, 6 splice mutations, and 13
INDELs (SI Appendix, Fig. S1D and Dataset S1). The average coding sequence mutation number of 13.1 per sample was significantly higher than the previous reports using exome sequencing (7.1 and 7.8 per sample; P=0.042 and 0.036, respectively) in MDS but was significantly lower than those in solid tumors (around 100 up to several hundred). Among these 96 mutated genes, 4 represented recurrent abnormalities, namely, additional sex comb-like 1 (ASXL1) (Y591*, V962fs, G658*, and A716fs), stromal antigen 2 (STAG2) (K705*, R216*, and W485*), tet methylcytosine dioxygenase 2 (TET2) (Q966*, S1898F, and R1179fs), and tumor protein p53 (TP53) (L35fs and L330fs) (SI Appendix, Table S7 ). Of note, the two TET2 abnormalities S1898F and R1179fs were found in the same case (A4). Moreover, GR events were checked for intra-and interchromosomal fusion genes (Fig. 1B) . Among 10 such events identified in three cases, including five in-frame and five out-of-frame fusions (SI Appendix, Table S8 ), one involving EWS RNA-binding protein 1 (EWSR1) and ASXL1 genes might be of significance, because it generated two fusion transcripts with the N-terminal 483 or 431 aa of EWSR1 to the exon 3 or exon 1 of ASXL1 in a tail-to-tail manner (SI Appendix, Fig. S4 ), which were confirmed by RNAseq in this case (SI Appendix, Table S9 ).
Three microRNAs (miRNAs) mutations were detected, namely, hsa-mir-1296 (chromosome 10: 65132732, T→A) and hsa-mir-302e (chromosome 11: 7256045, T→C) in case A6 and hsa-mir-3687 (chromosome 21: 9826247, C→T) in case A5.
Clonal Evolution of CD34
+ HSPCs in RAEB Architecture of Clonality. Previous studies established MDS as clonal diseases by virtue of X-linked polymorphic markers and molecular cytogenetics (24) (25) (26) (27) . The fact that about half of RAEB patients progressed to AML, whereas the other half develop progressive pancytopenia, suggests that the disease HSPC clones should be highly instable. Here, the variant allele frequency (VAF) based on genome sequences of confident SNVs was used to address the clonal architecture. VAF should be 50% if heterozygous mutations exist in all tumor cells, but it is often lower because of nontumor elements in clinical samples. With the sensitivity of this approach, the peak of greater VAF value should represent the founding clone, whereas the peak(s) with smaller VAF may represent subclone(s), although very small subclone(s) could be under the limit of detection. As shown on Fig. 2A , among eight cases, coexistence of one major clone and a minor subclone was found in six patients (A1 to A6, with VAFs varying from 37.62% to 48.86% for major peaks and those from 15.69% to 19.88% for minor peaks). Intriguingly, examination of mutations present in the founding clones and minor subclones revealed that mutations in 87 of 96 (90.6%) genes, particularly recurrently mutated genes such as TET2, ASXL1, STAG2, and TP53, were present in the founding clone, whereas nine of the mutations identified only in minor subclones in four specimens were all mutations without recurrence (SI Appendix, Table S7 ). Given that these founding mutations were detected in CD34 + cells, they should reflect the aberrant cellular activities at very high levels of disease involvement along with the hematopoietic cell differentiation/proliferation. − BM cells contain most precursors and mature hematopoietic cells (28, 29) . Taking advantage of sample collection for both cell populations, we used Sanger sequencing to validate the mutated genes in CD34 + and CD34 − cells, as well as normal skin tissues from eight RAEB cases. The comparison of the heights of peaks of mutated bases and wildtype alleles was performed to generate estimated mutant allele frequencies (MAFs) (Fig. 2B) . When the MAFs between CD34
+ and CD34 − cell populations were scrutinized, two situations emerged. In cases A1, A2, and A7, the same high peak heights of mutated base were detected in the two populations, suggesting that abnormal HSPCs could expand to more differentiated elements. In cases A3 to A6 and A8, however, MAFs were higher in CD34 + cells, whereas these frequencies ranged from 5% to 30% in CD34
− cells (Fig. 2B and Dataset S1). Because gene mutations originating from a diseased HSPC cell should be retained during its proliferation and differentiation, the presence of very low MAFs in CD34
− cells suggests that the tumor clone failed to form precursors/differentiated elements. Alternatively, maturing hematopoietic precursor cells carrying mutations may undergo apoptosis, causing ineffective hematopoiesis and leaving room for mature cells derived from the residual normal hematopoietic cells to populate the marrow (Fig. 2B) . 
Integrative Analysis of Mutation Features
cases of RAEB, 95 cases of RCMD, 6 cases of refractory anemia with ringed sideroblasts (RARS), and 6 cases of refractory cytopenia with unilineage dysplasia (RCUD) ( Table 2 ). In total, 287 mutations in 38 genes were discovered in 145 of 196 cases (Dataset S2), and these mutations could be classified into eight functional categories (16) : members of the cohesin complex; DNA modifiers (methylation/demethylation); chromatin modifiers; spliceosome genes; transcription factors; activated signaling molecules; tumor suppressors; and AML gene nucleophosmin (NPM1), as well as other myeloid disease genes (Circos graph in SI Appendix, Fig. S5 and Table S10 ). The average number of mutations in RAEB, RCMD, RARS, and RCUD patients were, respectively, 1.99 (177/89), 0.97 (92/95), 1.67 (10/6), and 1.33 (8/6) (P < 0.001 between RAEB and RCMD). When the gene mutation frequencies of RAEB and RCMD were compared, 81 of 89 cases of RAEB (91.0%) had gene mutations, whereas only 53 of 95 RCMD (55.8%) exhibited mutations (P < 0.001), in the panel of 39 genes. This difference in mutational burdens corresponded to statistically distinct survival outcomes between RAEB and RCMD (3-y OS: 33.0 ± 9.8% vs. 82.7 ± 6.1%; P < 0.001) (SI Appendix, Table S11 ). Moreover, gene mutation frequencies in three functional categories, including spliceosome genes, transcription factors, and tumor suppressors, were statistically higher in RAEB than in RCMD (SI Appendix, Table S10 ). As previously reported, all of the six RARS patients in this series bore SF3B1 gene mutations (12, 30) .
In 51 cases without detectable mutations of the marker gene set, 16 had cytogenetic abnormalities. Of note, cases with TP53 mutations were found to be associated with complex chromosomal abnormalities (P < 0.001). When the molecular/cytogenetic data were combined, we found at least one genetic abnormality in 161 of 196 cases (82.1%) of MDS.
Cooperative or Exclusive Relationships Among Distinct Gene Categories.
The landscape of somatic alterations in MDS revealed several known and unknown associations of gene mutations, and mutual exclusion of other genetic alterations. For example, each of the following four gene mutation pairs appeared in at least three cases: cohesin family gene STAG2 with spliceosome gene serine/ arginine-rich splicing factor 2 (SRSF2) (P = 0.028); U2AF1 with runt-related transcription factor 1 (RUNX1) (P = 0.005); and chromatin modifier ASXL1 with STAG2 (P = 0.001) and ASXL1 with SRSF2 (P = 0.01); the first two pairs are previously unreported (Fig. 3) . Moreover, mutual exclusivity could exist among genes of the same functional categories, because no concurrent presence of gene mutations of cohesin family was detected (Fig. 3) . Mutual exclusion of gene mutations was also observed among different epigenetic modifiers, such as between TET2 and DNMT3A, between TET2 and isocitrate dehydrogenases 1/2 (IDH1/IDH2), or a previously unidentified mutual exclusion between ASXL1 and TP53 (Fig. 3) .
Comparison of Gene Mutation Patterns Between MDS and AML. In view of the propensity of MDS to progress to AML, we compared gene mutation profiles of the two diseases using data from three recently reported large genotyping studies of AML as a reference (16, 31, 32) . We found that cohesin family genes, epigenetic modifiers including those for DNA and histones, and tumor suppressor genes were mutated at a comparable rate in MDS and AML (SI Appendix, Table S10 ). However, a striking difference of involvement of activated signaling molecules emerged. In AML, KRAS/NRAS, FLT3, proto-oncogene C-Kit (KIT), PTPN11, JAK2, etc. anomalies accounted for 49.8% of all gene mutations, whereas they occurred in only 14.3% of MDS (SI Appendix, Fig.  S6 and Table S10 ). Of particular note, there were no cases positive for KIT mutation in MDS. By contrast, the mutation rate of spliceosome genes reached 35.2% in MDS, compared with 5.5% in AML, whereas the frequency of transcription factors was lower in MDS than in AML patients (14.3% vs. 22.8%). Moreover, NPM1 was mutated at a high rate (24.2%) in AML, whereas this gene was affected in only 2.6% of cases of MDS.
Prognostic Impact of Gene Mutations in One Hundred Ninety-Six MDS
Patients. Using the IPSS-R system, our patients could be classified into five subgroups; however, the survival difference between the low and intermediate subgroups was not obvious (Fig.  4A and SI Appendix, Table S11 ). We then stratified the patients for the presence of mutation of 21 genes with a mutation frequency ≥2.5% among the 39 gene markers. Notably, patients with two or more mutations had a median survival of less than 2 y, patients with one mutation had a 70% survival rate at 40 mo, and patients with no mutations had a 90% survival at 40 mo ( Fig.  4B and SI Appendix, Fig. S7 ). We next evaluated the prognostic importance of specific gene mutations. Univariate analyses were performed to determine the significance of specific gene mutations. Mutations of STAG2 (P < 0.001), cohesin gene family (P = 0.016), IDH1/IDH2 (P = 0.001), enhancer of zeste homolog 2 (EZH2) (P = 0.043), RUNX1 (P = 0.026), and TP53 (P = 0.016) were found to be adverse prognostic factors for OS (SI Appendix, Table S12 ). Of note, contrarily to some previous reports mostly from Western population, we did not find an inferior prognostic value of the ASXL1 mutation in univariate analysis (P = 0.659), and a similar situation was reported in two recent studies from China (33, 34) . These observations might suggest ethnic differences in terms of mutation profiles and their clinical relevance, although larger cohort study is required to clarify the issue. In multivariate analyses, IDH1/IDH2 [hazard ratio (HR), 6.67; 95% confidence interval (CI), 2.28-19.5; P = 0.001], EZH2 (HR, 8.23; 95% CI, 2.43-27.9; P = 0.001), RUNX1 (HR, 4.59; 95% CI, 1.89-11.2; P = 0.001), and TP53 (HR, 4.35; 95% CI, 1.85-10.2; P = 0.001) were independent adverse prognostic factors for OS (SI Appendix, Table S13 ). We therefore defined IDH1/IDH2, EZH2, RUNX1, and TP53 mutations as a panel of high-risk factors that could exert a stronger A B Fig. 2 . Clonality analysis and distinct models of HSPC expansion defect in RAEB. (A) VAF of SNVs in eight RAEB cases. In each plot, the density curve depict the clustered VAF to determine the number of clusters. One major clone and one subclone were found in patients A1 to A6 (with VAFs varying from 37.62% to 48.86% for major peaks and those from 15.69% to 19.88% for minor peaks), whereas only one major clone was found in patients A7 and A8. (B, Left) HSPC clonal expansion status in RAEB patients. In cases A1, A2, and A7 (Upper), the same peak heights of mutated base were detected in the two populations. In case A3 to A6 and A8 (Lower), mutations were detected with high intensity in CD34 + but weakly or not detectable in CD34 − cells. Estimated mutant allele frequency: +, between 1% and 15%; ++, between 16% and 30%; +++, between 31% and 50%. (B, Right) It has been suggested that in addition to the abnormalities of eight gene categories detected in MDS, mutations involving activated signaling molecules (FLT3, KIT) or IDH1/IDH2 or NPM1 genes could contribute to the progression to AML. Table S16 ).
Based on the above findings, we constructed a molecular marker-based system for risk stratification: low, no mutation; intermediate-1, the presence of one mutation; intermediate-2, the presence of two or more mutations; and high, the presence of any high risk gene mutations. Using this system, 196 patients could be divided into four risk groups with significantly different 3-y OS rates (P < 0.001) (Fig. 4A and SI Appendix, Table S16 ).
To further optimize the prognostic stratification, we integrated this molecular marker-based system and the clinical/hematological parameters from IPSS-R to form a new IPSS-R-molecular marker (M) system. In the latter model, five prognostic subgroups with reasonably distributed 3-y OS curves emerged ( Fig.  4B and SI Appendix, Tables S14 and S15).
Discussion
In this work, we found that similar genomic signatures, such as mono-or triplet base substitution patterns, existed between RAEB and AML, in support of the view that the two diseases might share common etiologic factors and be affected by similar DNA damage. Meanwhile, although the molecular mechanisms of both diseases require joint actions of transcription/epigenetic factors, cohesin molecules, and tumor suppressors, the lack of NPM1 and activated signaling molecules and the presence of spliceosome defect could underlie a limited expansion capacity of abnormal HSPC clones in RAEB, leading to ineffective hematopoiesis. Hence, the molecular abnormalities that distinguish RAEB and AML may mainly reside on the functional gene categories hit by mutations. Our study provides genomic evidence for MDS, RAEB in particular, to be a "preleukemia" disease status.
Because MDS has long been considered an oligoclonal hematopoietic tumor, analysis of its clonal architecture by means of WGS can shed new light on the pathogenesis. Indeed, we detected two distinct clones in six out of eight RAEB cases by virtue of VAF analysis of SNVs. The finding that all recurrent gene mutations were detected in the founding clones suggests that these are "driver" mutations and that most RAEB cases are characterized by HSPC proliferation originated from one major clone. Because HSPCs are enriched in CD34 + cell populations, whereas CD34
− populations contain a wide range of BM cells encompassing most precursors and mature hematopoietic cells, we used MAFs in these two populations to address tumor clone expansion potential. Interestingly, in some cases, gene mutations were detected with high intensity in CD34 + cells, but the estimated MAFs were much lower or even not detectable in CD34 − cells, suggesting that the expansion defect might be situated at the level of HSPCs and early precursors. In other cases, the same MAFs were detected in both CD34
+ and CD34 − cells, indicating the abnormal HSPCs should be able to grow and differentiate toward more mature stages and ineffective hematopoiesis might happen at a later stage of differentiation. This mode may explain the two major outcomes of RAEB, ineffective hematopoiesis leading to progressive pancytopenia or propensity to progress to AML once additional gene mutations take place. It remains under intense investigation that how mutations characteristic of RAEB lead to differentiation failure and ineffective hematopoiesis. Serial analysis of RAEB patients will be required to understand which molecular events lead to progression to AML.
In large series of MDS, the main subtypes are RAEB and RCMD (35, 36) , and these diseases have many genes mutated in common. Indeed, screening using a panel of 39 recurrently mutated genes showed that the mutational burden of RAEB was heavier than RCMD, which might explain the more benign clinical course of the latter. From the prognostic point of view, what is certain is that mutational burden profoundly affects the clinical behavior and prognosis of MDS. Specifically, we found that the more mutations of a panel of 21 recurrently mutated genes carried by a patient, the worse the clinical outcome. Furthermore five specific genes (IDH1/IDH2, EZH2, RUNX1, and TP53), when mutated, were independent markers of risk. We therefore established a new IPSS-R-M system, combining clinical parameters and molecular information, to better stratify prognostic groups in MDS. This system was particularly effective in distinguishing patients in the intermediate category into higher and lower risk groups. This new system may allow more refined therapeutic interventions to be developed in the future, although prospective investigation in another patient cohort is warranted.
Materials and Methods
Patients and Samples. BM samples were obtained by aspiration from eight RAEB patients with informed consent (detailed histories for these patients are provided in SI Appendix, Table S1 ). Skin biopsy was obtained as normal tissue. A cohort of 188 newly diagnosed patients with various MDS subtypes was also used for integrative gene mutation analysis (SI Appendix, SI Methods).
DNA Library Preparation and Massively Parallel Sequencing. Libraries were prepared using genomic DNA from CD34 + BM cells and skin biopsies. Pairedend sequencing was performed on the Illumina GAIIx and/or HiSeq2000 platform following the manufacturer's standard protocol. Among the 33-Mb coding regions according to the RefSeq database, 94.7% on average were covered with sufficient depth (≥10×) (SI Appendix, Table S2 and SI Methods).
High-Throughput Sequencing Data Analysis. We developed a pipeline to identify somatic mutations including SNVs and short INDELs by comparing variants identified in dataset of CD34 + BM cells against germ-line sequence in skin samples and dbSNP135 (SI Appendix, Tables S3 and S4 and SI Methods).
Targeted Gene Resequencing. Thirty-nine marker genes were screened for mutation detection in 188 MDS patients (Table 2 ) with the Fluidigm Access Array microfluidic platform, followed by sequencing on Illumina GAIIx and/ or MiSeq platform (SI Appendix, SI Methods).
Somatic CNV and Uniparental Disomy Detection. To identify somatic CNVs and uniparental disomies, the genomic DNA of the seven of eight paired wholegenome sequenced RAEB patients were genotyped using Ilumina highdensity Genome Wide Human 660W Quad_v1 SNPs array according to the manufacturer's protocol (SI Appendix, SI Methods).
Clonality Analysis. Clonality analysis was performed according to a previous report (37 
